Candida parapsilosis and Candida albicans are human fungal pathogens that belong to the CTG clade in the Saccharomycotina. In contrast to C. albicans, relatively little is known about the virulence properties of C. parapsilosis, a pathogen particularly associated with infections of premature neonates. We describe here the construction of C. parapsilosis strains carrying double allele deletions of 100 transcription factors, protein kinases and species-specific genes. Two independent deletions were constructed for each target gene. Growth in .40 conditions was tested, including carbon source, temperature, and the presence of antifungal drugs. The phenotypes were compared to C. albicans strains with deletions of orthologous transcription factors. We found that many phenotypes are shared between the two species, such as the role of Upc2 as a regulator of azole resistance, and of CAP1 in the oxidative stress response. Others are unique to one species. For example, Cph2 plays a role in the hypoxic response in C. parapsilosis but not in C. albicans. We found extensive divergence between the biofilm regulators of the two species. We identified seven transcription factors and one protein kinase that are required for biofilm development in C. parapsilosis. Only three (Efg1, Bcr1 and Ace2) have similar effects on C. albicans biofilms, whereas Cph2, Czf1, Gzf3 and Ume6 have major roles in C. parapsilosis only. Two transcription factors (Brg1 and Tec1) with well-characterized roles in biofilm formation in C. albicans do not have the same function in C. parapsilosis. We also compared the transcription profile of C. parapsilosis and C. albicans biofilms. Our analysis suggests the processes shared between the two species are predominantly metabolic, and that Cph2 and Bcr1 are major biofilm regulators in C. parapsilosis. 
Introduction
More than 300 Candida species have been described to date [1] . Although all Candida species are Ascomycetes (belonging to the Saccharomycetales), they are paraphyletic, and do not share a recent common ancestor [2] . As a result, they have few shared characteristics. The term ''Candida'' suggests that they are asexual species, but sexual or cryptic sexual cycles are increasingly being identified [3, 4, 5, 6] . Most well studied Candida species belong to the monophyletic CTG clade, where the codon CTG is translated as serine rather than leucine [2, 7] . These include the major human fungal pathogens Candida albicans, Candida parapsilosis and Candida tropicalis [8, 9] . Whereas C. albicans is still the most common cause of candidiasis, C. parapsilosis and the non-CTG clade species Candida glabrata are increasing in frequency [8, 9, 10] . Properties of C. albicans associated with the ability to cause disease have been well characterized, and include growth in yeast and hyphal forms, epigenetic switching from white to opaque cells, secretion of hydrolases, and adhesion and biofilm development (reviewed in [11] ). While some of these properties are likely to be shared with other CTG-clade species, many are species or lineage specific. For example, only C. albicans and its close relative Candida dubliniensis can grow in truly hyphal forms, and white-opaque switching and the associated parasexual cycle have only been described in C. albicans, C. dubliniensis and C. tropicalis [12, 13, 14] . C. parapsilosis, a major cause of infection in premature neonates [15] , does not appear to have a sexual cycle [16, 17] and does not undergo white-opaque switching [18] . Unlike other Candida species, C. parapsilosis is often isolated from the hands of health care workers and has been responsible for causing outbreaks of infection [19, 20, 21, 22, 23, 24] . C. parapsilosis is responsible for approximately 20% of Candida infections particularly in infants less than 1 year old [25, 26] .
One of the major factors of Candida species associated with pathogenicity is their ability to grow as biofilms on implanted medical devices [27] . Biofilms are composed of communities of microorganisms associated with a surface and embedded in an extracellular matrix, and are believed to be the major growth form of microorganisms in nature [28] . Biofilms are extremely refractory to antimicrobial therapy and treatment usually involves removal of the infected device. Biofilm formation in C. albicans has been well characterized and occurs in several stages (reviewed in [29, 30] ). The first step involves yeast cells adhering to a substrate surface. This is followed by a period of cellular growth, or biofilm initiation. During the maturation stage, hyphae are produced and cells become encased in an extracellular matrix (ECM). The final stage is dispersal, when yeast cells break away from the biofilm structure and disseminate around the body to seed new sites of infection [31, 32] .
Although many Candida species form biofilms, the structures are highly variable [28, 33] . C. albicans biofilms consist of a compact basal layer of yeast cells and a thicker less compact hyphal layer all surrounded by an ECM composed mainly of carbohydrate [34] . In contrast C. parapsilosis does not make true hyphae, and biofilms are composed of yeast and pseudohyphal cells only [27, 35, 36] . The ability of C. parapsilosis to produce biofilm is also highly strain dependent [28, 33] .
Many of the key regulators of biofilm formation in C. albicans have been identified (reviewed in [37] ). Hyphal formation is a pivotal step, and mutants blocked in filamentation are often impaired in biofilm development [38] . Nobile et al [39] identified a network of six transcription factors (BCR1, EFG1, TEC1, ROB1, NDT80 and BRG1) that play a major role in regulating C. albicans biofilm growth. In addition, Finkel et al [40] identified 30 transcription factors required for adhesion, some of which (such as Bcr1) are also necessary for mature biofilm development. We have previously shown that C. parapsilosis orthologs of BCR1 and EFG1 are required for biofilm formation in this species [18, 35] . However, even though the function of the transcription factors is at least partially conserved, many of the gene targets are different, and some conserved targets of Bcr1 have different functions [41] . For example the CFEM family of cell wall proteins is required for biofilm development in C. albicans, but not in C. parapsilosis [41] .
We report here the construction of the first large-scale gene deletion collection in C. parapsilosis, targeting 100 genes representing transcription factors, protein kinases and speciesspecific genes. We carry out a detailed comparison of C. parapsilosis and C. albicans phenotypes, particularly in relation to biofilm development. We find that overall, the molecular function of orthologous genes is generally conserved between the two species. However, there are also important differences. BRG1 and TEC1, transcription factors required for biofilm development in C. albicans, do not have the same role in C. parapsilosis. CZF1, UME6, CPH2 and GZF3 are regulators of biofilm development in C. parapsilosis only.
Results

Construction of a gene knockout collection in Candida parapsilosis
Most of the available gene disruption collections in C. albicans target transcription factors or protein kinases [42, 43, 44, 45] . We therefore selected similar genes from C. parapsilosis ( Figure 1 , Tables S1, S2 ). In total, we chose genes encoding 73 transcription factors, 16 protein kinases, 1 putative RNA-binding protein, 1 putative tRNA-methyl transferase, 6 genes that are apparently unique to C. parapsilosis, and members of the CFEM family of transmembrane proteins [41, 46, 47] . We selectively deleted entire open reading frames rather than generating random insertions, to facilitate downstream analysis. The C. parapsilosis genome is diploid and therefore requires two rounds of gene disruption to create a homozygous mutant. Gene disruptions in C. parapsilosis have previously been carried out using a recyclable SAT1 (nourseothricin resistance) cassette [35, 36] . Although this approach is successful, it is slow and very inefficient. Instead, we adapted a fusion PCR method previously developed for gene deletion in C. albicans, in which each allele is replaced with a heterologous selectable marker [45] ( Figure 1A , Figure S1 ).
Deletions were constructed in the C. parapsilosis type strain, CLIB214. Auxotrophic mutations in LEU2 and HIS1 were first generated using a SAT1 cassette, yielding strain CPL2H1 (see methods) ( Figure S1 , Table S1 ) [35] . Candidate genes were then deleted by replacing one allele with HIS1 from C. dubliniensis, and one with LEU2 from C. maltosa ( Figure 1A , Figure S1 ). All mutant strains were confirmed by PCR using primers inside CdHIS1 or CmLEU2 and a primer outside of the integration sites at both the 59 and 39 end of the gene. Deletion of the target open reading frame was also confirmed using PCR. A control strain (CPRI) was created by integrating CdHIS1 and CmLEU2 at the site of the original HIS1 alleles ( Figure S1 ). Both CLIB214 and CPRI strains were used as controls for the majority of experiments.
Two independent homozygous deletion mutants were generated for each targeted gene, which increases the probability that an observed phenotype in both strains is a result of the gene deletion, and not from a secondary effect. A unique 20 base pair sequence tag (barcode) was also incorporated into each mutant strain, which will facilitate future competition experiments. In total, 200 barcoded deletion strains were constructed (Table S1 ).
Phenotypic screen of deletion collection
Growth of the deletion collection was determined in 42 different conditions, designed to identify nutritional, cell wall, osmotic and oxidative stress phenotypes, and response to antifungal drugs (Table S2) . Some strains had severe growth defects, and were not included in the phenotype analysis (Table S2) . For the remainder, each independent strain was grown in YPD in 96 well plates (two
Author Summary
Candida species are among the most common causes of fungal infection worldwide. Infections can be both community-based and hospital-acquired, and are particularly associated with immunocompromised individuals. Candida albicans is the most commonly isolated species and is the best studied. However, other species are becoming of increasing concern. Candida parapsilosis causes outbreaks of infection in neonatal wards, and is one of the few Candida species that is transferred from the hands of healthcare workers. C. parapsilosis, like C. albicans, grows as biofilms (cell communities) on the surfaces of indwelling medical devices like feeding tubes. We describe here the construction of a set of tools that allow us to characterize the virulence properties of C. parapsilosis, and in particular its ability to grow as biofilms. We find that some of the regulatory mechanisms are shared with C. albicans, but others are unique to each species. Our tools, based on selectively deleting regulatory genes, will provide a major resource to the fungal research community. Figure 1 . Phenotype screening of C. parapsilosis gene knockout strains. (A) Both alleles of 100 C. parapsilosis genes (YFG) were deleted by replacement with C. maltosa LEU2 and C. dubliniensis HIS1 by homologous recombination. Unique barcode sequences (TAG) were included in each deletion. Two independent replicates of each strain were constructed. (B,C) Each deletion strain was grown overnight in a 96 well plate in YPD media, diluted 1:100 into fresh YPD and replica plated to test media using a 48-pin replicator. Each plate contained the control strains CLIB214 and CPRI in duplicate. Growth of each deletion strain was scored in comparison to the control strains. Strains that were scored in C. parapsilosis only are shown in (B), and strains with a detectable phenotype in both C. albicans and C. parapsilosis are shown in (C). Only scores ,22.5 are shown, and isolates with no growth defect on the selected media are not included. The full data set is available in Table S2 . (D) Deleting UPC2 in both C. parapsilosis and C.
replicates per candidate gene), and then replica-plated using a 48-pin replicator to selective media. YPD was used as the base media except where the effect of different carbon sources was tested.
Several drugs and chemicals were tested at a range of concentrations (Table S2) . Growth was scored using a simple scoring system (24 to +1, where 0 is the same as the control strains). The scores were averaged between sister strains and replicate screens and were converted to heatmaps ( Figure 1B,C) . Of the 73 transcription factor deletions constructed in C. parapsilosis, 64 orthologous deletions were available from a large scale screen in C. albicans [43] , and another (UME6) was obtained from Banerjee et al [48] . Growth of the C. albicans strains was monitored under similar conditions as for C. parapsilosis except that lower concentrations of ketoconazole, fluconazole and caspofungin and higher concentrations of CdCl 2 were used, and utilization of heme was not tested (Table S2) . Nine transcription factor deletions are available in C. parapsilosis only. The phenotypes of these, and of the C. parapsilosis protein kinase deletions, are described in the supporting information (Text S1, Table S2 ). Figure 1C shows a comparison of the phenotypic profiles of orthologous deletions in the two species. Thirty-five gene deletions are not shown because they have no, or little, effect on growth in any condition tested for either species (Table S2) . Changes in colony morphology were not recorded. Another four strains (deletions of ACE2, NRG1, SSN6 and TUP1) were removed because the phenotypes are difficult to score in C. albicans or in both species, mostly because they significantly affect filamentation. Deleting RBF1 and RPN4 in C. albicans and NDT80 in C. parapsilosis results in dramatic reduction in growth; the NDT80 deletion is therefore not shown, and the RBF1 and RPN4 deletions are included with the C. parapsilosis-only data ( Figure 1B ). Many phenotypes previously described in C. albicans are shared in C. parapsilosis. These include the role of CAP1 in the oxidative stress response (sensitivity to cadmium chloride [49] ), enhanced sensitivity of CSR1 deletion to metal chelators (EDTA; [43] ) and the role of HAP2, HAP5, HAP43 and SEF1 in regulating the response to iron (deletions have reduced growth to low iron, resulting from addition of the iron chelator BPS [50, 51] ), of RIM101 as a regulator of the response to alkaline conditions [42] , and UPC2, which determines sensitivity to azole drugs [52, 53] . The function of many of these regulators is conserved across a wide evolutionary distance, at least since the common ancestor with S. cerevisiae [54, 55, 56, 57, 58, 59, 60] . Regulation of the iron and copper response is similar in both species though there are some subtle differences (Text S1).
Some phenotypes conserved between the two species have not previously been reported. These include the sensitivity of the upc2 deletions to the presence of the iron chelator, BPS ( Figure 1D ). Upc2 is also required for growth on xylose as the main carbon source in both C. albicans and C. parapsilosis (Table S2) . However, despite the overall similarity, there are also significant differences between the two species. Several deletion strains (e.g. BCR1, CPH2, GIS2, ISW2, MIG1, SEF2, STP4) have no shared phenotypes. Some gene deletions have pleiotropic effects in C. parapsilosis; for example, deleting SEF1 results in reduced growth in many conditions, whereas the equivalent deletion in C. albicans results in much fewer phenotypes (Table S2) . One of the most obvious differences between C. albicans and C. parapsilosis occurs during growth in low oxygen (hypoxic) conditions (Table  S2 , Figure 1C ,E). Deleting UPC2 confers sensitivity to hypoxia in both, as previously reported [43, 53, 61, 62] . No other C. albicans gene deletion tested affects hypoxic growth. However, in C. parapsilosis, deleting CPH2 also reduces growth in hypoxia, and growth is restored when the wildtype gene is reintroduced ( Figure 1E ). In addition, we have previously shown that expression of CpCPH2 is increased during growth in hypoxia [63] . However, deleting CpCPH2 does not affect sensitivity to azole drugs ( Figure 1E) .
We have previously shown that in C. parapsilosis, similar to C. albicans, members of the CFEM family are important for heme utilization [41, 64, 65] . Whereas C. albicans has five family members, in C. parapsilosis the family has expanded to seven (CFEM1-7). Here, we deleted CFEM1-CFEM4 together, CFEM5 and CFEM6 together, and CFEM7 alone (Table S2 ). Similar to previous reports, strains missing CFEM1-CFEM4 or CFEM5-CFEM6 are unable to use heme as a sole source of iron ( Figure 1B , Table S2 , [41] ). However, deleting CFEM7 alone had no effect (Table S2 ). We also find that deleting CTH1 (CPAR2_407950) renders cells sensitive to iron, and unable to use hemin as a sole source of iron ( Figure 1B) . Expression of CpCTH1 is induced in low iron conditions [41] . CpCTH1 is an ortholog of both members of the CTH1/CTH2 gene pair in S. cerevisiae, proteins that bind to RNA transcripts from iron metabolic genes, targeting them for degradation [66, 67] . Our results suggest that CTH1 forms part of the iron regulatory pathway in C. parapsilosis.
Identification of regulators of biofilm development
The effect of the C. parapsilosis gene deletions on biofilm development on polystyrene surfaces was determined visually using crystal violet staining, and by measurement of biomass (dry weight). Several deletion strains (ADA2, MSS2, VPS34, NDT80 and YCK2) exhibited growth defects on YPD and were not included in the biofilm screen. Of the 95 unique deletions tested, eight had obvious visual defects and significantly reduced dry weight formation, including seven transcription factors (EFG1, CZF1, GZF3, UME6, CPH2, BCR1 and ACE2) and one protein kinase (MKC1) (Figure 2A,B) . Some other deletion strains had minor effects on biofilm growth, but only these eight had significant and reproducible reductions in biofilm mass. Reintroducing the intact genes restored biofilm growth ( Figure 2C ; restoring BCR1 and EFG1 have been described previously [18, 35] ). These mutants displayed no significant defects in growth in liquid culture in biofilm media, except that the ACE2 deletion has a cell-separation defect [68] .
A recent study identified a network of six transcription factors (BCR1, EFG1, TEC1, NDT80, BRG1 and ROB1) that regulate biofilm formation in C. albicans [39] . In a separate study, ACE2 was shown to be required for adhesion and subsequent biofilm development in the same species [40] . To determine the overlap between the networks regulating biofilm growth in C. albicans and C. parapsilosis, we directly compared the effect of deleting the orthologous transcription factors in the two species ( Figure 2D,E) . Both species were grown in conditions that maximize biofilm development [35, 38, 41] . We confirmed that deleting BCR1, EFG1 and ACE2 reduces biofilm development in C. albicans, albicans results in reduced growth in low iron conditions (YPD, and YPD+0.15 mM BPS). (E) Cells were grown overnight in YPD, diluted in PBS and plated on YPD containing 0.005 mg ml 21 ketoconazole where indicated, and incubated at 30uC in 21% or 1% O 2 for 2 days. Deleting CPH2 in C. parapsilosis results in a growth defect under hypoxic (1% oxygen) conditions, but there is no effect on the equivalent deletion of C. albicans. Growth is restored by re-introducing one allele of CpCPH2. There is no effect on ketoconazole sensitivity in either species. doi:10.1371/journal.ppat.1004365.g001 similar to C. parapsilosis ( Figure 2D ), whereas deleting CZF1, GZF3, UME6, or CPH2 has little effect on C. albicans biofilm growth in our assay ( Figure 2D) .
From the remaining genes in the C. albicans biofilm regulatory network, orthologs of TEC1, NDT80, and BRG1 were not identified in our large-scale screen of biofilm-defective mutants in C. parapsilosis ( Figure 2A ). We confirmed that deleting TEC1 or BRG1 did not dramatically reduce C. parapsilosis biofilm formation in follow-up tests ( Figure 2E ). However, we could not determine the role of the NDT80 ortholog, because unlike in C. albicans, deleting NDT80 in C. parapsilosis results in a significant growth defect. There is no ortholog of the final member of the C. albicans network, ROB1, in the C. parapsilosis genome [39, 47] .
Structure of C. parapsilosis biofilms
We used confocal laser scanning microscopy (CLSM) to visualize the morphology and structure of C. parapsilosis biofilms growing on the surface of Thermanox slides and stained with concanavalin A [63] (Figure 3 ). The control strains produce a compact biofilm consisting of layers of yeast and pseudohyphal cells. The biofilm layer is thinner than previously reported (10-20 mm, [35] ), but it is reproducible.
Deleting CPH2, UME6, EFG1 and BCR1 in C. parapsilosis results in biofilms with very few layers that are consistently thinner than those produced by the control strains. Biofilms generated by CPH2, UME6 and CZF1 deletions are mainly composed of yeast cells, with few pseudohyphal cells present, whereas the BCR1 (Table S2 ) and two control strains were grown under standard biofilm conditions in 6 well plates. Two wells were combined for each strain, and the dry weight of the biofilm was determined. The standard deviation from three independent measurements is shown. Strains with statistically significant reductions in dry weight are indicated in red (p,0.0005). (B) The indicated C. parapsilosis strains were grown under standard biofilm conditions in 24 well plates, and the biofilm was stained with crystal violet. (C) A wild type copy of each gene was re-introduced into the relevant C. parapsilosis mutant strain as indicated, and the biofilm biomass was measured. Re-introduction of one allele restored biofilm to levels similar to the control strains, CLIB214 and CPRI. (D) C. albicans strains with the indicated gene deletions were grown in 6 well plates in Spider media for 48 h, and stained with crystal violet. The relevant C. albicans wild type strains were included for comparison. Deleting BCR1, EFG1 and ACE2 dramatically reduces biofilm formation, but deleting CPH2, CZF1, GZF3, or UME6 has little effect. (E) Biofilms from C. parapsilosis strains carrying deletions of TEC1 and BRG1 were grown in 24 well plates in SD media with 50 mM glucose and were stained with crystal violet (bottom) or dry weights were measured (top). The gene deletions have no significant effect on biofilm formation. doi:10.1371/journal.ppat.1004365.g002 mutant produces a thin biofilm of both yeast and pseudohyphal cells. The ACE2 deletion generates patchy biofilm, consisting of clumps of pseudohyphal cells across the surface of the slide, probably due to the cell separation defect caused by this mutation [68] . Biofilms produced by the GZF3 and MKC1 deletion strains have both yeast and pseudohyphal cells present in several layers; however the biofilm produced is not as compact as the wild type ( Figure 3) . We have previously shown that deleting EFG1 increases morphological switching between ''wrinkled'' and ''smooth'' colonies, both of which have reduced biofilm development [18] . We did not differentiate between different colony morphologies in the assay presented here. However, CPH2, UME6 and CZF1 deletion strains all have reduced colony wrinkling compared to wildtype (not shown).
Characterization of biofilm defective mutants in vivo
Biofilm development in vivo is substantially different from the in vitro models used here. In particular, biofilms formed in catheters undergo stress from blood flow. We therefore used an established rat central venous catheter (CVC) model of infection [69] to test the effect of deleting regulatory genes in C. parapsilosis ( Figure 4) . We compared the deletion constructs to the control CPRI strain, because biofilm development by the wildtype strain was variable in this model. C. parapsilosis biofilms in vivo consist of yeast cells, matrix and host cells. We have previously shown that deleting BCR1 greatly reduces biofilm formation in vivo, whereas deleting EFG1 has a more minor effect [18, 41] . Here we show that deleting UME6 and CZF1 also greatly reduce biofilm formation ( Figure 4 ). The biofilm from the UME6 deletion consists of a single layer of yeast cells with little obvious matrix, whereas the CZF1 deletion produces little obvious biofilm. Deleting ACE2 results in a clumpy biofilm. In contrast to the in vitro assay, deleting CPH2, GZF3 and MKC1 has little effect on biofilm growth in vivo.
Transcriptional profile of C. parapsilosis biofilms
We previously used microarray analysis designed from a partial genome sequence to determine the transcriptional profile of C. parapsilosis biofilms growing under flow conditions in a fermenter [63] . In general, we found that the transcriptional response of biofilms is similar to that of cells growing in hypoxic conditions, and is associated with upregulation of fatty acid metabolism genes. Here, we used RNA-seq analysis to characterize the transcription profile of cells growing in static conditions, the same as those used to identify biofilm regulators. Compared to planktonic conditions, 777 genes are up-regulated and 662 genes are down-regulated in biofilms (log 2 FC+/2 1.5, adjusted p-value ,0.001) (Table S3) . Upregulated genes are enriched for processes associated with lipid/fatty acid oxidation and transmembrane transport, whereas downregulated genes are enriched in translation, macromolecule and amino acid biosynthetic processes and cellular component assembly (Table S4) .
We used Gene Set Enrichment Analysis (GSEA) to identify gene categories that are over-represented in the biofilm transcriptome. GSEA allows the identification of statistically significant overlaps between a ranked gene list (e.g. the C. parapsilosis biofilm transcriptome), and gene lists (or gene sets) identified in other experimental analyses. We used a collection of 8,852 gene sets derived from microarray and ChIP (chromatin immunoprecitation) experiments from C. albicans and from protein-protein interactions from S. cerevisiae that were collected and described by Sellam et al [70] . We extracted a set of C. albicans orthologs of our ranked list of genes differentially expressed in C. parapsilosis biofilms, and looked for similarities between this gene list and the gene sets described by Sellam et al [70] . The network of similar gene sets was visualized using Cytoscape [71] (Figure 5 , Figure  S2 ). In these figures, nodes represent gene sets, and edges connect nodes sharing a significant number of genes. Clustering algorithms in Cytoscape group highly interconnected and similar gene sets together. We have colored nodes that included genes upregulated in C. parapsilosis biofilms in red, and those that include downregulated genes in blue. Figure 5 shows that upregulated genes share similarities with gene sets associated with transport (including carboxylic acid and drug transport) in C. albicans. There is also a significant overlap with the C. albicans biofilm regulatory network described by Nobile et al [39] . The transport and biofilm networks are connected via Ndt80 ( Figure 5 ). Downregulated genes are enriched for processes associated with translation and the ribosome. Deleting regulators alters biofilm structure of C. parapsilosis. Biofilm structure was determined using confocal microscopy. Biofilms from the indicated strains were grown on Thermanox slides in SD media with 50 mM glucose, stained with conA and visualized using a Zeiss LSM510 confocal scanning microscope. False-color images are shown. Side view images showing the approximate thickness of the biofilm were created using Fiji. Images were restricted on the vertical scale to prevent aberrant measurements from small regions of the biofilm. Scale bars (20 mm) are shown. CLIB214 (11 mm), CPRI (15 mm), cph2D (4 mm), ume6D (6 mm), czf1D (10 mm), efg1D (6 mm), bcr1D (5 mm), ace2D (20 mm), gzf3D (12 mm), and mkc1D (11 mm). doi:10.1371/journal.ppat.1004365.g003
Comparison to C. albicans biofilm transcriptome
The similarity between the C. parapsilosis biofilm transcriptome and the C. albicans biofilm regulatory network prompted us to directly compare the biofilm transcriptional profiles of the two species, using the C. albicans data from Nobile et al [39] ( Figure 6A ). In C. albicans 785 genes are up-regulated and 300 genes down-regulated in biofilm compared to planktonic cells. There are 192 genes upregulated in biofilms in both species ( Figure 6A ). These are enriched in oxidoreductases and in pathways associated with carboxylic acid metabolism. Interestingly, genes upregulated in C. albicans only (and not in C. parapsilosis) are enriched in processes associated with biofilm formation and adhesion. Many are transcription factors, some of which we have shown have no role in biofilm development in C.
parapsilosis (BRG1, WAR1 [40] , CRZ2 [40] and ZNC1 [40] ), and others that we have not tested, but which are not differentially expressed in biofilms e.g. GCN4 [72] . Genes upregulated only in C. parapsilosis are enriched in pathways associated with transmembrane and drug transport. This category includes a large number of genes with no annotation, suggesting that their function may be specific to C. parapsilosis.
One of the difficulties comparing gene expression profiles between species is the reliance on the identification of orthologs present in both. This may underestimate the importance of genes that are found in one species only. In addition, it is very difficult to evaluate the roles of gene families that have different numbers or members in different Candida species [73] . We therefore categorized the gene families in C. albicans and C. parapsilosis using Markov Clustering (MCL; [74] ) and looked for evidence of family enrichment among differentially expressed genes in biofilms (again using the data from [39] for C. albicans). Figure 6B shows the gene families ordered by average gene expression for both species (from highest to lowest expression; full data in Table S5 ).
The CFEM family, the ATO family of putative ammonia transporters [75] , the OPT family of oligopeptide transporters [76] and the TES family of acyl CoA-thioesterases are among the most enriched among upregulated genes in both species ( Figure 6 , Table S5 ). General amino acid permeases (GAP family) and secreted aspartyl proteases (SAP family) are also among the most highly expressed in C. parapsilosis, and are enriched among upregulated genes in C. albicans ( Figure 6B ). The most downregulated genes enriched in both species include a family involved in Nucleic Acid Metabolic Processes (NAMP) (including TUP1, a major hyphal regulator in C. albicans that is required for biofilm growth [77] ) and histone genes (HHT family). The PGA30/RHD3 family has the highest average expression in C. parapsilosis; these encode GPI-anchored proteins predicted to be localized to the cell wall [78] .
Identification of targets of biofilm regulators
To identify the genes that are regulated in C. parapsilosis biofilms, we used RNA-seq to compare the transcriptional profiles of biofilms from strains deleted for EFG1, CZF1, UME6, CPH2, BCR1 and ACE2 to biofilms from wildtype strains (Figure 7 ). We were unable to isolate RNA of sufficient quality from strains deleted for GZF3 or MKC1, suggesting that there may be changes in the extracellular matrix or cell wall that we cannot directly observe. Only seven genes are downregulated in biofilms of all deletion strains and upregulated in the wildtype (ARO10, ATO1, PUT4, STE18, HGT17, CPAR2_803700, CPAR2_805760). We have not yet characterized the roles of these genes in biofilm development.
Processes associated with transmembrane transport, organic acid catabolism and carboxylic acid metabolism are upregulated in most of the deletion biofilms, compared to wildtype (Figure 7) . The transcriptional profiles of biofilms from the BCR1 and CPH2 deletion cluster close together (Figure 7) , suggesting that these transcription factors regulate a core set of genes. We also used GSEA to compare the gene sets regulated by some of the transcription factors with the biofilm network described in Figure 5 . Figure 8 shows that there is a high degree of overlap between the gene sets enriched in the BCR1 and CPH2 deletion and in the wildtype biofilm/planktonic comparison. Gene sets associated with carboxylic acid transport and with carbohydrate transport are downregulated in both. The targets of Efg1, a known biofilm regulator in C. parapsilosis [18] have the smallest overlap with the biofilm network ( Figure 8C) . Again, the overlap includes gene sets associated with carboxylic acid transport. The indicated C. parapsilosis strains were inoculated into catheters in the rat CVC model, and biofilms were visualized by scanning electron microscopy (SEM) after 24 hours. Deleting UME6, CZF1 and ACE2 reduces biofilm formation in comparison to the control strain, CPRI, whereas deleting CPH2, GZF3 and MKC1 has little effect. BCR1 and EFG1 deletions were assayed in this model previously [18, 41] . Scale bars correspond to 200 mm and 20 mm. doi:10.1371/journal.ppat.1004365.g004
Discussion
Conservation of phenotypes between C. albicans and C. parapsilosis
The phenotype screen revealed a high conservation in the regulation of different biological processes between C. albicans and C. parapsilosis. Overall, 15 of the 23 transcription factors in Figure 1C share at least one major phenotype in C. albicans and C. parapsilosis. Some shared phenotypes, such as role of UPC2 in the response to low iron conditions, have not previously been highlighted. However, Homann et al [43] noticed that deleting UPC2 in C. albicans resulted in the accumulation of a pink color after several days of growth on BPS, possibly signaling formation of a ferrous-BPS complex. Deleting UPC2 also results in a growth defect of Yarrowia lipolytica in low iron conditions [79] . It is therefore likely that this transcription factor is involved in regulating the response to iron in several fungal species.
Despite the overall similarity observed in the phenotypic screen there are some significant differences, including the role of CPH2 in the hypoxic response of C. parapsilosis. In C. albicans, CPH2 is a regulator of hyphal growth with no known hypoxic role [80, 81] . It has a basic helix-loop-helix (bHLH) DNA-binding domain, and is probably a remnant of the Sterol Regulatory Binding Proteins (SREBPs) that regulate sterol synthesis and the hypoxic response in filamentous fungi and in Schizosaccharomyces pombe; species that have no recognizable Upc2 [79, 82, 83] . Most species in the Saccharomycotina (including Saccharomyces and Candida species) have lost domains from their SREBP homologs, and the remaining remnants have no known role in regulating sterol synthesis, or in the hypoxic response [79, 83] . Y. lipolytica, an outgroup of the Saccharomycotina, is a notable exception in that it retains a full length SREBP, and has gained a Upc2 ortholog [79] . However, even in this species Upc2 is the main regulator of sterol synthesis, although SREBP has retained some role in regulating the hypoxic response, particularly in the control of filamentation [79] . In C. parapsilosis, deleting CPH2 does not affect sensitivity to ketoconazole ( Figure 1E ), indicating that its role in hypoxia is unlikely to be related to regulating expression of ergosterol genes. Elucidating the role of CPH2 in the hypoxic response of C. parapsilosis will require substantial further investigation. However it appears that Cph2 and SREBPs have retained a previously unsuspected role in regulating the hypoxic response in the Saccharomycotina.
Regulation of biofilm development
We identified seven transcription factors and one protein kinase that are important regulators of C. parapsilosis biofilm development in vitro (Figure 2 ). Deleting CPH2, GZF3 and the protein kinase MKC1 has no effect on biofilm development in the in vivo rat catheter model. This suggests that biofilm development may be context dependent. A similar phenomenon has been described in C. albicans; for example, CaBRG1 is required for biofilm formation in vitro but not in vivo [39] , and deleting CaRHR2 Figure 5 . Gene Set Enrichment Analysis of the C. parapsilosis biofilm transcriptome. Visualization of gene sets enriched in the C. parapsilosis wild type biofilm transcriptome compared to C. parapsilosis planktonic transcriptome. Gene sets are obtained from C. albicans and S. cerevisiae data [70] . C. albicans gene sets enriched in genes up-regulated in C. parapsilosis biofilms are shown in red, and gene sets enriched in down-regulated genes are in blue. The size of the nodes represents the number of genes in the gene sets in C. albicans, and the edges represent an overlap of genes between gene sets. Sub-networks of interest are highlighted in black circles. ''TF'' indicates dataset from C. albicans transcription factor deletions, and ''Biofilm'' indicates the C. albicans biofilm regulatory network form Nobile at al [39] . A larger version of the figure is available as Figure S2 , and the Cytoscape data is provided as Dataset S1. doi:10.1371/journal.ppat.1004365.g005 reduces biofilm formation in the central venous catheter model but not in an oral pharyngeal model [84] . However, we note that in C. parapsilosis the GZF3 and MKC1 deletions strains have minor effects on the structure of biofilms on Thermanox slides (Figure 3) , suggesting that their role as biofilm regulators may be restricted to growth in specific conditions.
Two of the C. parapsilosis biofilm regulators (BCR1 and EFG1) are conserved with the well-characterized C. albicans biofilm circuit [39] , and a third (ACE2) is also likely to regulate biofilm development in both species (Figure 9 , [40, 68] ). Five (CPH2, UME6, CZF1, GZF3 and MKC1) appear to be unique to C. parapsilosis. We previously showed that the role of Bcr1 as a regulator of biofilm development in C. parapsilosis shares some similarities with that of its ortholog in C. albicans [85] . However, there are significant differences in the two species. For example, some of the conserved targets (e.g. the CFEM family) are required for biofilm development in C. albicans and not in C. parapsilosis [41] . The role of Bcr1 is also strain dependent. In C. parapsilosis, strains which make relatively low levels of biofilm (like CLIB214, the isolate used throughout this study) are Bcr1-dependent, while those that generate high levels of biofilm are not [86] . In C. albicans, ''sexual'' or ''pheromone-stimulated'' biofilms are made by cells that are homozygous at the mating MTL locus, and they are distinguished from the more general pathogenic biofilms. Figure 6 . Transcriptional profiling of C. parapsilosis biofilms. Comparison of genes differentially expressed in C. parapsilosis biofilms with C. albicans biofilms (from [39] ). The intersections show genes that are differentially regulated in biofilms in both species, and the remaining numbers indicate genes that differentially regulated in one species only. Up (blue) and down (yellow) regulated genes are shown separately. The most common GO processes in upregulated genes are indicated. Gene families enriched in differentially expressed genes in biofilms in C. parapsilosis (top) and C. albicans (bottom). Each vertical line represents a gene family. Families are ordered with respect to mean expression from highest (left) to lowest (right). Each dot represents an individual gene; those that are differentially expressed are highlighted in red. The families with the highest and lowest expression are named, as are others discussed in the text. Families highlighted in bold text are highly differentially expressed in biofilms in both species. doi:10.1371/journal.ppat.1004365.g006 Figure 7 . Comparison of transcription profiles of biofilm regulators. Gene expression profiles from the indicated C. parapsilosis strains were determined using RNA-seq of three independent replicates and compared to the profile of wildtype biofilms. Similar expression patterns were clustered using Bioconductor [114] . The major GO patterns associated with specific clusters are shown. doi:10.1371/journal.ppat.1004365.g007
There is some evidence that both kinds of biofilms require Bcr1 [87] , whereas other studies suggest that Bcr1-dependent expression of CFEM genes is required for drug resistance in pathogenic biofilms only [88, 89] . ''Sexual'' biofilms have not been described in C. parapsilosis, where most (and possibly all) isolates are of a single mating type [17, 90] . There are therefore aspects of the roles of Bcr1 in both species than remain to be elucidated.
Like Bcr1, Efg1 also regulates biofilm development in both C. albicans and C. parapsilosis [18, 39, 87, 91, 92] . In C. albicans Efg1 plays a central role in networks regulating high frequency epigenetic switching from white-to-opaque cells [93] , and in filamentation of both cell types [12] . In addition, it is required for virulence [94] and for drug resistance [95] . In C. parapsilosis, Efg1 also regulates a high frequency switching system [18] . In both species, Efg1 directly bind to the promoters of a large number of transcription factors [18, 39] . Many of the promoters are exceptionally long, suggesting that they are regulated by several transcription factors [18, 39] . It is therefore likely that Efg1 is a member of several regulatory circuits in both species.
Although Ace2 was not identified as a component of the C. albicans biofilm regulatory circuit by Nobile et al [39] , we and others have shown that it is required for biofilm development in this species [40, 68] , which we confirmed in the current assay ( Figure 2D ). Ace2 regulates expression of genes during late M/ early G1 phase of the cell cycle in S. cerevisiae and C. albicans [68, 96, 97] . The transcription factor is part of the RAM network (Regulation of Ace2 and Morphogenesis) that controls exit from mitosis in many fungi (reviewed in [98] ). Ace2 regulates adherence of C. albicans, leading to sparse biofilms, and is target of Snf5, a chromatin regulator [40] . Deleting CpACE2 results in a cell separation defect, and expression of many targets shared with CaACE2 is reduced (e.g. CHT1, CHT3, SCW11) ( Table S3 ). The function of Ace2 in regulating biofilm development in Candida species is therefore likely to be conserved.
Deleting the transcription factors UME6, CPH2, CZF1 and GZF3 reduces biofilm development in C. parapsilosis only (Figure 2A,D) . We did not test the effect of deleting the MKC1 kinase ortholog in C. albicans. It remains possible that the orthologous transcription factors may play a more minor role in biofilm growth of C. albicans. For example, overexpressing UME6 enhances biofilm development in both species [48, 99] . However, we detected very little reduction in C. albicans biofilms formed by ume6 deletion strains ( Figure 2D , and two deletions in a different genetic background that are not shown), and it is clear that the phenotype of the UME6 deletion in C. parapsilosis is considerably more severe. In S. cerevisiae, UME6 is an activator of gene expression during early meiosis, whereas in C. albicans, the ortholog regulates filamentation. Expression of UME6 is also increased during pseudohyphal growth in C. parapsilosis [99] .
The CPH2 regulon in C. albicans is not known, but an early microarray study suggests that CaCPH2 regulates expression of filamentation genes, many of which are also targets of Efg1 [100] . Other regulators of filamentation, such as NRG1, also control biofilm formation in both C. albicans and C. parapsilosis [48] . It is likely that filamentation is more important for C. albicans biofilms; although both species can grow as filaments, only C. albicans make true hyphae, and many mutants locked in the yeast phase make poor biofilms [101, 102] . Ume6 and Cph2 may therefore have functions separate to filamentation that are important for biofilm formation in C. parapsilosis.
Although deleting CZF1 does not reduce mature biofilm development in C. albicans, the transcription factor is required for early stage adherence [40] . The functional targets are not known [40] . In C. parapsilosis, CZF1 regulates expression of transporters (Table S3) ; their role in biofilm development remains to be elucidated. GZF3 encodes a GATA-type transcription factor that is induced during oxidative stress in C. albicans [103] . Expression is induced in biofilms, but there is no evidence that it plays a major role in C. albicans biofilm development [39] .
Elucidation of the biofilm transcriptome
We used RNA-seq and network analysis to characterize the transcriptome of C. parapsilosis biofilms. Gene sets enriched in genes downregulated in biofilms are associated with translation and with ribosome function, which probably reflects reduced growth in biofilms compared to planktonic cells ( Figure 5) . Genes up-regulated in C. parapsilosis biofilms are enriched for pathways associated with transport (including carboxylic acid transport), and are also enriched in gene sets that are upregulated in C. albicans biofilms [39] . A more direct comparison of the C. parapsilosis and C. albicans biofilm transcriptomes revealed that similarities between the species center on metabolic changes, and in particular monocarboxylic acid metabolism ( Figure 6) .
Some of the shared response may be related to the fact that biofilms are hypoxic environments [32, 63] . For example, 43 genes that are up-regulated in C. parapsilosis and C. albicans [39] biofilms and in both species in hypoxic conditions [61, 104] are enriched for processes associated with carbohydrate and lipid Figure 8 . GSEA analysis of biofilms formed by C. parapsilosis deletion strains. The panels show enriched genesets from GSEAPreRanked analysis of biofilms from (A) bcr1, (B) cph2 and (C) efg1 deletion strains overlayed on the transcriptional profile of C. parapsilosis biofilms compared to planktonic cells from Figure 5 . Gene sets enriched in upregulated genes in the deletion biofilms compared to wildtype biofilms are shown in red, and gene sets enriched in downregulated genes are shown in blue. Gene sets that are not changed in the deletion strains are shown in gray. Enrichment is visualized using Cytoscape, as described in Figure 5 . A larger version of the figure is available as Figure S3 , and the Cytoscape data is provided as Dataset S1. doi:10.1371/journal.ppat.1004365.g008 Figure 9 . Comparison of the C. parapsilosis biofilm network with C. albicans. Genes in black circles are major regulators of biofilm development in C. parapsilosis only, whereas those in blue circles have a conserved role in C. albicans. Gray lines indicate regulation of expression from RNA-seq data; arrowheads show activation, and solid lines show repression. Red lines show direct binding of Efg1 to promoters of genes in planktonic growth, from Connolly et al [18] . doi:10.1371/journal.ppat.1004365.g009 metabolism, which may reflect changes occurring during adaptation to hypoxic environments. Other metabolic features, such as glycerol metabolism, are also increasingly being recognized as potential virulence factors [105] . Expression of RHR2, glycerol-3-phosphatase is important for development of C. albicans biofilms, and it is suggested that glycerol levels directly regulate expression of adhesins [105] . RHR2 expression is also increased in C. parapsilosis biofilms (Table S3) .
Analysis of gene family enrichment was also used to compare the biofilm transcriptional response of these two species. The ATO, TES, OPT and CFEM families are enriched in both C. parapsilosis and C. albicans biofilms ( Figure 6B ). Although the roles of the ATO and TES families in biofilm development of C. albicans has not been elucidated, increased oligopeptide transfer (OPT) has been associated with early biofilm stages [106] . Some members of the CFEM family are regulated by Bcr1 in both C. albicans and C. parapsilosis [41, 44, 107] . Surprisingly, although CFEM genes are required for biofilm development in C. albicans [108] they do not have a similar role in C. parapsilosis [41] . We further confirmed this here by deleting the CFEM genes in C. parapsilosis in clusters (CFEM1-4 together, CFEM5-6 together and CFEM7). None of the deletion strains were defective in biofilm formation (Table S2) . However, the conservation of expression of the four gene families in C. albicans and C. parapsilosis suggest that they may be suitable targets for subsequent study of core biofilm components.
Somewhat surprisingly, processes associated with adhesion and those classified as being involved in biofilm formation by the Candida Genome Database [109] are enriched in C. albicans biofilms and not in C. parapsilosis biofilms ( Figure 6A ). These may be because biofilm development in C. albicans is strongly correlated with the switch from yeast to hyphal growth [29] . One of the major differences between C. parapsilosis and C. albicans is that C. parapsilosis does not make true hyphae. Biofilms produced by C. albicans are composed of a mixture of yeast, pseudohyphal and hyphal cells, with the yeast cells forming the basal layer and an upper layer of hyphal cells [29] . In contrast C. parapsilosis biofilm contains only yeast and pseudohyphal cells in compact layers [28] .
Identification of the C. parapsilosis biofilm circuit
We used RNA-seq to identify the targets of the major C. parapsilosis transcriptional regulators during biofilm growth. The Bcr1 and Cph2 regulons are similar ( Figure 7 ) and they have a high degree of overlap with genes enriched in the biofilm transcriptome (Figure 8 ). This suggests that Cph2 and Bcr1 are major biofilm regulators in C. parapsilosis. Both transcription factors regulate expression of genes involved in transport of carboxylic and other organic acids, and in glycolysis and monosaccharide metabolism. We observed that carboxylic acid transport or metabolism gene sets are enriched in the genes differentially regulated in many of the deletion strains (Figure 7) . Even Efg1, which otherwise has little overlap with the C. parapsilosis biofilm network, regulates carboxylic acid transport ( Figure 8C ). In addition, genes that are differentially regulated in both C. albicans and C. parapsilosis biofilms are enriched in processes associated with carboxylic acid metabolism ( Figure 6A ). This supports our hypothesis that regulation of metabolism is important for biofilm production in both species. The shared role of Bcr1 as a biofilm regulator in the two species may therefore be related to regulation of carboxylic acid metabolism. In C. parapsilosis biofilms, Cph2 regulates expression of transporters and oxidoreductases, including the highly expressed ATO (Ammonia Transporter Outward) family. The cph2 GSEA network is enriched for gene sets associated with C. albicans biofilms ( Figure 8B ), suggesting that CpCPH2 may perform some of the role of the C. albicans biofilm regulators.
We exploited the RNA-seq data to look for evidence that the transcriptional regulators we identified work together in a network ( Figure 9 ). We also included ChIP-seq data for Efg1 from planktonic cells [18] . We placed Efg1 at the center of the network to simplify the model, because it has many connections with the other regulators. Efg1 is also known to have many roles in both species [18, 95, 110, 111, 112, 113] . Several of the transcription factors regulate expression of other members of the putative network; some are activators (for example deleting EFG1 reduces expression of CZF1) and some as repressors (deleting CZF1 increases expression of EFG1). Some are linked to the putative network by only one connection (ACE2 and GZF3). The role of ACE2 in biofilm development is likely to be associated with its function in regulating cell separation [68, 97] , and it may be more important for adherence rather than for mature biofilm growth [40] .
It is unlikely that we have identified all the biofilm regulators in C. parapsilosis. For example, our transcription factor deletion collection is not complete. In addition, we have not obtained transcriptional profiling data for the GZF3 deletion, and we have not identified the direct targets of the transcription factors (for example using ChIP-seq). We were also unable to determine the role of NDT80, which our GSEA analysis suggests may be involved ( Figure 5) . Overall, our analysis suggests that there is some degree of conservation of biofilm networks in C. albicans and C. parapsilosis. This is not surprising, considering the two species are closely related [2] . However, there are also significant differences, with four transcription factors specific to C. parapsilosis, and three unique to C. albicans. In future work, careful characterization the C. parapsilosis biofilm regulon will help us to elucidate the evolution of the networks in these species.
Materials and Methods
Strains and growth conditions
Candida parapsilosis strains (Table S1 ) were grown in YPD medium (1% yeast extract, 2% peptone, 2% glucose) at 30uC. For colony selection 2% agar was added. To select for transformants, nourseothricin (Werner Bioagents Jena, Germany) was added to YPD agar at a final concentration of 200 mg ml
21
. Transformants containing the LEU2 and HIS1 markers were selected on synthetic complete (SC; 0.19% yeast nitrogen base without amino acids and ammonium sulphate, 0.5% ammonium sulphate, 2% dextrose, 0.075% mixture of amino acids, 2% agar) media without leucine or histidine. For biofilm formation, C. parapsilosis was grown in synthetic defined (SD) medium (0.67% yeast nitrogen base) containing 50 mM glucose. C. albicans was grown in Spider media (1% nutrient broth, 1% mannitol, 0.2% potassium phosphate). The media used for phenotype screening is shown in Table S2 . All deletion strains were grown in 96 well plates in YPD media at 30uC overnight. The cultures were then diluted 1:100 into a new 96 well plate containing fresh YPD media. The strains were then pinned onto agar plates using a 48 pin bolt replicator. Plates were incubated at 30uC and photographed after 2 and 3 days of growth. Each knockout was scored on growth in comparison to the control strains (CLIB214 and CPRI) on the same media, where 24 indicates a severe growth defect, 23, 22, and 21 indicate strong, moderate and marginal growth defects, 0 is similar to the control strains, and +1 is stronger growth than control strains. Scores were assigned only where the two independent replicates had the same behavior. Screens were repeated at least twice. Growth on different chemical concentrations (e.g. CuCl 2 , ketoconazole) were combined to give a single score (see Table S2 ). Deletion strains with interesting phenotypes were further validated by plating exact numbers of cells in decreasing concentration on test media. Control strains were included in each plate. Scores were converted to a Heatmap using Bioconductor [114] .
Construction of deletion strains in C. parapsilosis
To delete LEU2 (CPAR2_805510), approximately 500 bp upstream and downstream of the open reading frame was amplified using the primer pairs CpLEU2KO1/CpLEU2KO2 and CpLEU2KO3/CpLEU2KO4 respectively (Table S6) . Primers KO1 and KO2 contain recognition sites for KpnI and ApaI respectively and KO3 and KO4 for SacII and SacI. The PCR products were purified using a Qiagen PCR purification kit and ligated at either end of a SAT1 flipper cassette in pCD8 [115] , generating plasmid pCpLEU2. The entire cassette plus flanking regions were excised by digestion with KpnI and SacI, gel purified and transformed into C. parapsilosis CLIB214. Integration of the cassette at LEU2 was confirmed by PCR using a primer 59 to LEU2 (CpLEU2KO5) and a primer from inside the cassette (BUT237). Intact LEU2 alleles were identified by PCR with CpLEU2KO5 and CpLEU2KO6. Primers CpLEU2KO1 and CpLEU2KO4 were used to verify recycling of the cassette and deletion of the LEU2 gene. The same cassette was used to delete both LEU2 alleles ( Figure S1 ). A similar method was used to delete the HIS1 gene (CPAR2_100200) using primers CpHIS1KO1 and CpHIS1KO2 to amplify an upstream region and primers CpHIS1KO3 and CpHIS1KO4 to amplify a downstream region. Integration of the cassette was confirmed by PCR using a primer 59 to the gene CpHIS1KO5 and BUT237. To confirm the presence of an intact allele the primer pair CpHIS1KO5 and CpHIS1KO6 were used and primer pair CpHIS1KO1 and CpHIS1KO4 were used to verify recycling of the cassette and deletion of the HIS1 ( Figure S1 ). The leu2 2 / his1 2 strain (CPL2H1) was used as a background for all other deletion constructs.
Target genes were deleted in strain CPL2H1 using a fusion PCR method described in Noble et al [45] . Target genes are  listed in Tables S1 and S2 , and the primers used are listed in Table S6 . Approximately 500 bp upstream and downstream of the target gene was amplified using Phusion Taq (New England BioLabs) with primer pairs 1/3 and primers 4/6. The annotated CZF1 open reading frame was corrected (and elongated) by resequencing. The selectable markers, C. dubliniensis HIS1 and C. maltosa LEU2 genes were amplified using primers 2 (universal primer) and primer 5 from the plasmids pSN52 and pSN40 respectively. All PCR products were purified using a Qiagen PCR purification kit. The 59 tails of primers 2 and 3 have complementary regions, as do primers 4 and 5. The 59 PCR product, the 39 PCR product and one of the selectable marker products were fused by PCR using primers 1 and 6. The resulting disruption cassette was transformed into the background strain ( Figure 1, Figure S1 ). The first allele was always deleted using the CmLEU2 selectable marker and the second allele using the CdHIS1 gene.
Correct integration of the marker gene at the target locus was confirmed by PCR of both ends of the deletion construct; the 59 region was confirmed using primers 59check and either LEUcheck1/HIScheck1, and the 39 region using primers 39 check and either LEUcheck2/HIScheck2. Loss of the open reading frames was also confirmed using the appropriate ORF primers (Table S6) .
To create the control reintegration strain, CPRI, upstream and downstream regions of the deleted HIS1 gene were amplified using primers CpHIS1KO1/CpHIS-3 and CpHIS-4/ CpHISKO7. The Candida dulbiniensis HIS1 and Candida maltosa LEU2 genes were amplified from the appropriate plasmids using primers 2 (universal primer) and CpHIS-5. The resulting PCR product were fused using primers CpHIS1KO1 and CpHIS1KO7 and transformed into the background strain and in turn re-introducing the C. dulbiniensis HIS1 and C. maltosa LEU2 genes at the original site of the C. parapsilosis HIS1 alleles. Correct integration of the marker genes were confirmed by PCR using the primer CpHIS1KO5 and either LEUcheck1 or HIScheck1.
The cph2, czf1, gzf3, ace2, mkc1 and ume6 mutant strains were complemented by introducing one copy of the gene at its original site on the genome [87] . Briefly the entire ORF and promoter were amplified using the primers listed in Table S6 . The resulting PCR products were digested using the enzyme sites incorporated into each primer and cloned into pSFS2a. The plasmid was then linearized within the promoter region using the relevant enzyme (MKC1 and UME6 (HpaI), CPH2 and CZF1 (MluI), GZF3 (BsmBI), ACE2 (BsiWI)) and transformed into the appropriate background mutant strain. Transformants were selected on nourseothricin plates and correct integration of the plasmid was determined by PCR and using one primer upstream of the promoter and one inside the ORF (Table S6) .
Transformation of C. parapsilosis
Strains were transformed by electroporation as described previously with some modifications [115] . After electroporation, 950 ml of fresh YPD was added immediately and the mixture incubated at 30uC for 3-4 h. Following incubation, cells were pelleted, washed once in 1 ml of water and resuspended in 300 ml of water. 100 ml was plated onto YPD plates supplemented with nourseothricin at a concentration of 200 mg ml 21 . Transformants were obtained following 48 h of incubation at 30uC.
The SAT1 cassette was recycled by growing overnight in YPM (1% yeast extract, 2% peptone and 2% maltose). 100 cells were plated onto YPD plates containing 10 mg ml 21 of nourseothricin and incubated overnight at 30uC. Following incubation a mixture of large and small colonies were visible on the plate. Small colonies were restreaked onto fresh YPD agar plates and checked for nourseothricin sensitivity. The second allele was deleted using the same protocol.
Most deletion strains were constructed using chemical transformation. An overnight culture was diluted to an A 600 of 0.2 in 30 ml of YPD broth. This was grown at 30uC to an A 600 of 1. The culture was centrifuged at 4000 g for 5 min and the pellet resuspended in 3 ml of ice-cold water. The re-suspended pellet was centrifuged again as above and the pellet re-suspended in 200 ml of ice-cold TE-LiOAC (0.1M lithium acetate, 10 mM Tris and 1 mM EDTA). A transformation mix was set up that contained 10 ml of boiled and cooled salmon sperm DNA (10 mg ml 21 ), 20-30 ml of fusion PCR product and 100 ml of competent cells. This was incubated at 30uC for 30 min followed by addition of 700 ml of PLATE (0.1M lithium acetate, 10 mM Tris, 1 mM EDTA and 40% PEG 3350). Samples were incubated overnight at 30uC. Cells were heat shocked at 44uC for 15 min, centrifuged, and washed with 1 ml of YPD. The cells were centrifuged again and finally re-suspended in 100 ml of YPD followed by incubation at 30uC for 2 h. Cultures were then spread on the appropriate drop-out agar plates and incubated for 2-3 days at 30uC.
Biofilm assays
Strains were tested for biofilm development crystal violet staining and direct observation using Nunclon Delta 24-well polystyrene plates as follows. C. parapsilosis trains were grown overnight at 30uC and washed twice in phosphate buffered saline (PBS), diluted to an A 600 of 1 in SD media with 50 mM glucose, and 1 ml was added to each well. The cultures were incubated for 2 h at 37uC at 50 rpm. Wells were then washed once with 1 ml of PBS to remove non-adherent cells. 1 ml of fresh SD 50 mM glucose media was then added to each well. Plates were then incubated for 48 h at 37uC at 50 rpm. The supernatants were removed, and each well was washed twice with 1 ml of PBS. Plates were allowed to dry overnight at room temperature. Biofilms were stained with 500 ml 0.4% crystal violet for 10 min. The dye was removed and wells were washed with PBS. Plates were allowed to dry and biofilm was photographed. For C. albicans biofilms, 6 well plates were pre-treated with 10% fetal bovine serum overnight which was removed by washing with 1 ml of PBS. C. albicans strains from overnight cultures were washed twice with PBS, diluted to a starting A 600 of 0.5 in Spider media and 5 ml was added to the pre-treated wells. The plates were incubated for 90 min at 37uC at 100 rpm. Each well was then washed once with PBS and fresh spider media was added followed by incubation for 48 h at 37uC at 100 rpm. The supernatants were removed and each well was washed twice with 1 ml of PBS.
For dry mass measurements, C. parapsilosis biofilms were formed in Nunclon Delta 6 well plates. Assays were set up as for the 24-well plates, except that 5 ml of media was used in each well. After the final wash, 1 ml of PBS was added to each well and adherent biofilms were scrapped from the bottom of the wells. The contents of two wells were vacuum filtered over a pre-weighed 0.8 mm nitrocellulose filter (Millipore). The filters were dried overnight in a warm room and weighed the following day. The average total biomass of each strain was calculated for 3 independent samples by subtracting the initial weight of the filter from the final weight. Statistical significance was calculated using the students two tailed paired t-test, and only those with a P-value ,0.005 were retained.
Confocal microscopy
C. parapsilosis biofilms were grown on Thermanox (Nunc) slides in in 6 well plates. Briefly, overnight cultures were washed twice in PBS and diluted to an A 600 of 1 in SD media with 50 mM glucose. 5 ml was added to each well, and incubated for 2 h at 37uC at 50 rpm. The slides were gently removed and placed into a fresh well containing 5 ml of PBS, and gently placed into a well containing fresh SD/50 mM glucose media and incubated for 48 h at 37uC at 50 rpm. The slides were removed and washed as above, and then stained with 25 mg ml 21 concanavalin A (conA)-Alexa Fluor 594 conjugate (C-11253; Bio-science) for 45 min at 37uC. The liquid was removed from each well, and the Thermonox slides were flipped and placed on a 35-mm-diameter glass-bottomed petri dish (MatTek Corp., Ashland, MA). The biofilms were observed with a Zeiss LSM510 confocal scanning microscope with a 640-magnification oil objective. A HeNe1 laser was used to excite at a 543-nm wavelength. All images were captured and analyzed using a Zeiss LSM Image Browser and Fiji.
RNA-seq analysis
Biofilms for RNA-seq analysis were grown in SD media with 50 mM glucose at 37uC in Nunc 6 well plates. The biofilm was scraped from the bottom of each well and combined for RNA isolation. The number of wells combined depended on the amount of biofilm produced and the amount of biomass needed to obtain sufficient RNA for library preparation (6 wells for CLIB214 and 6-10 wells for the deletion strains). RNA was isolated using an Ambion Ribopure-Yeast RNA kit. To isolate RNA for planktonic cells, strains were grown to an A 600 of 1 in SD media with 50 mM glucose at 37uC.
Strand specific RNA-seq library preparation and sequencing was carried out by BGI (www.genomics.cn, Hong-Kong). Pairedend reads (Illumina HiSeq 2000, 2690 bp, 2 GB clean data) were obtained from three biological replicates from wild type (Candida parapsilosis CLIB214) in planktonic and biofilm conditions, and from ace2, cph2, efg1, czf1, ume6 and bcr1 deletion strains in biofilms. Two replicates were obtained form one deletion construct, and the third from the independent replicate strain. Samples were aligned to the genome [61] using TopHat2 [116] . HTSeq [27] was used to count mapped reads per gene. Differentially expressed genes were identified using DESeq2 [117] with an adjusted p-value threshold of 0.001 and a log 2 fold change threshold of 21.5 and 1.5. Default parameters in DESeq2 were used, except that Cook distance filtering was turned off. Significantly differentially expressed genes were clustered using hierarchical clustering in R [114] . C. albicans orthologs were obtained from the Candida Gene Order Browser (CGOB) [47] . The GO term finder from Candida Genome Database [109] was used to carry out Gene Ontology analyses. All RNA-seq data is available from GEO accession number GSE57451.
Gene family analysis
Gene families in C. parapsilosis and C. albicans were identified using Blast similarity searches [118] and the MCL algorithm [74] . In both species an inflation factor of 2.1 was used with MCL to robustly identify similar clusters. The average log 2 fold change of significantly differentially expressed genes in each cluster was calculated, and ranked from high to low (Figure 8 , Table S3 ). For C. albicans biofilms, gene expression levels were reported from a mixture of RNA-seq and microarray analysis [39] . We used significant RNA-seq values were available, and values from microarrays if the equivalent RNA-seq data was not significant. P-values for microarrays were not available. Significant genes were defined as log 2 fold change greater than 1.5 or less than 21.5, and with an adjusted p-value less than 0.001 (for RNA-seq only). Plots were generated in R and analyzed manually.
Gene Set Enrichment Analysis
The pre-ranked Gene Set Enrichment Analysis tool (GSEAPreRanked, see http://www.broadinstitute.org/gsea/) was used to determine gene sets that are enriched in differentially expressed genes from the RNA-seq data. Only C. parapsilosis genes with orthologs in C. albicans were included, with gene sets provided by Dr. Andre Nantel (http://www.candidagenome.org/ download/community/GSEA_Nantel_2012/) [70] . Genes were ranked from highest to lowest by log2 fold change. GSEAPreRanked was used with the default options, excluding gene sets with less than 5 or more than 1000 genes, resulting in the analysis of 5249 gene sets in total. Significant results were defined as p-value lower than 0.005 and an FDR Q-value lower than 0.1. GSEAPreRanked results were further analyzed using Cytoscape (version 2.8.2) and the EnrichmentMap plugin (version 1.2, [71] ) using an overlap coefficient cutoff of 0.5 and default settings. The size of the nodes correlates to the number of genes in the gene sets from Sellam et al [70] , which are based on C. albicans. We use a background of C. parapsilosis orthologs for the GSEA, but the networks generated in Cytoscape reflect the original gene sets from Sellam et al [70] .
Supporting Information
Dataset S1 Cytoscape data for Gene Set Enrichment Analysis. (ZIP) Figure S1 Construction of gene deletions and reintroduction of wildtype genes in C. parapsilosis. (A) The C. parapsilosis leu2-/ his1-strain (CPL2H1) was created in CLIB214 using the SAT1 flipper method as described in Ding and Butler [35] . (B) A fusion PCR method was used to delete genes by replacement with either the Candida maltosa LEU2 gene or the Candida dublinensis HIS1 gene in C. parapsilosis CPL2H1. (C) Re-introduction of a wildtype allele of the deleted gene (YFG) using the plasmid pSFS2A. All constructs were confirmed by PCR using the indicated primers. (EPS) Figure S2 GSEA analysis of transcriptional profile of C. parapsilosis biofilms compared to planktonic cells (from Figure 5) . Gene sets enriched (GSEAPreRanked) in genes up-regulated in biofilm conditions are shown in red, and in down-regulated genes are shown in blue. The size of nodes represents the number of genes in the gene set. Edges are drawn when genes between two gene sets overlap. The Cytoscape plugin EnrichmentMap was used to visualize the network with default parameters. Nodes with one edge or less are shown separately. Gene set names are from http://www.candidagenome.org/ download/community/GSEA_Nantel_2012/. Cytoscape data is available in Dataset S1. (EPS) 
